work performed during atrial pacing.8 Although the basal hemodynamic state is depressed during ventricular stimulation, the extent to which abnormal ventricular activation will affect left ventricular responses to sympathetic stimulation is unknown. This is particularly important in determining optimal pacemaker therapy for patients.
The aim of the present investigation was to examine the effects of altering the site of cardiac excitation on left ventricular responses to sympathetic stimulation in the presence of (I) spontaneous rhythm, (2) atrial pacing, and (3) ventricular pacing. These experiments were conducted in conscious dogs in which basal sympathetic tone was low, but in which baseline levels of left ventricular function were not depressed by anesthesia or recent surgery.9 Sympathetic stimulation of the myocardium was achieved both pharmacologically through infusion of isoproterenol (ISO) and physiologically during exercise. sures, left ventricular dP/dt, and coronary blood flow were recorded continuously before and during exercise. The exercise protocol was repeated and randomized in these dogs on different days and heart rate was held constant by means of right atrial or right ventricular pacing at a rate just slightly higher than that achieved during exercise in the presence of spontaneous heart rate. In five dogs blood was sampled from the coronary sinus and aorta for oxygen measurements before and during exercise after a steady state had been reached. Venous blood samples for determination of plasma catecholamine levels were drawn in three dogs at rest and during exercise in the presence of right atrial and right ventricular pacing. Plasma catecholamines were measured with the radioenzymatic assay of Da Prada and Zurcher. 14 Data were recorded on a multichannel tape recorder and played back on a direct-writing oscillograph at a paper speed of 100 mm/sec. A cardiotachometer triggered by a signal from the pressure pulse provided instantaneous recording of the heart rate. Electronic resistance-capacitance filters with a 2 sec time constant were used to derive mean arterial blood pressure. Continuous records of left ventricular dP/dt were derived from the left ventricular pressure signals with an operational amplifier connected to a differentiator with a frequency response of 700 Hz. Triangular waveforms were substituted for the pressure signals to calibrate left ventricular dP/dt. Mean values and SEM were calculated for all parameters. The data obtained at rest and during interventions were compared with Student's t test for paired comparisons. Since two comparisons were made for each variable, the Bonferroni correction was used and p < .025, rather than p < .05, was considered the level for statistical significance. 15 Animals used in this study were maintained in accordance with the guidelines of the Committee Spontaneous rhythm. ISO reduced mean arterial pressure (-14 + 2 mm Hg) and left ventricular enddiastolic diameter (-3.1 + 1.0 mm), and increased heart rate (90 ± 7 beats/min), left ventricular dP/dt (2479 ± 301 mm Hg/sec), mean coronary blood flow (30.4 ± 3.9 ml/min), cardiac output (3.5 ± 0.9 liter/ min), and MVO2 index (3.91 + 0.84 ml/min).
Right atrialpacing. During right atrial pacing at 193 ± 7 beats/min (a rate slightly higher than during spontaneous rhythm, used to ensure good capture), left ventricular end-diastolic diameter and pressure were reduced and left circumflex coronary blood flow and MVO2 in the distribution of the left circumflex coronary artery were increased, but other hemodynamic variables remained unchanged.
ISO in the presence of right atrial pacing at a rate slightly higher than that achieved during sinus rhythm decreased mean arterial pressure and increased left ventricular dP/dt, coronary blood flow, cardiac output, and MVO2, while left ventricular end-diastolic diame-ter fell, although not significantly. The only differences from responses to ISO in dogs in spontaneous rhythm were the significantly smaller (p < .025) decreases in left ventricular end-diastolic diameter and pressure and lesser increases in coronary blood flow (20.7 ± 3.9 ml/min).
Right ventricular pacing. During right ventricular pacing at the same rate achieved during right atrial pacing, right ventricular pacing could not be attributed to reduced endogenous levels of catecholamines.
Discussion
Excitation of the myocardium by means of electrical stimulation is frequently used therapeutically in patients with rhythm or conduction disturbances. In the latter group, right ventricular stimulation is routinely used. Koch1 and Wiggers2 suggested that right ventricular electrical stimulation resulted in asynchronous contraction of the left ventricle. This has subsequently been observed by others.3-' Still others have shown that as a consequence of electrical activation from a ventricular site, the temporal relationship between atrial and ventricular contraction is changed, resulting in the loss of atrial contribution to ventricular filling that in turn affects cardiac output.-7 The hemodynamic significance of atrial systole has been carefully analyzed under experimental as well as clinical conditions. 16 Its contribution to overall left ventricular performance at rest and during exercise is considered negligible under normal physiologic circumstances, while in situations of left ventricular hypertrophy or failure, cardiac output is enhanced by a normally timed atrial contraction. In addition, this uncoupling of atrial and ventricular contraction may result in a slight degree of mitral valve regurgitation since atrial contraction plays an active role in mitral valve closure. ' There is little prior evidence to suggest that abnormality in left ventricular function during right ventricular pacing would be accentuated during stress in the way it is during sympathetic stimulation. In fact, it could be predicted that during sympathetic stimulation ventricular asynchrony would be reduced through a positive dromotropic effect of catecholamines.20
The major finding of the present investigation was that in the presence of abnormal ventricular depolarization with right ventricular pacing the inotropic responses to either isoproterenol or exercise were markedly depressed when compared with responses to identical interventions during normal activation in spontaneous rhythm or during atrial pacing. Since we did not observe significant differences in the reductions in left ventricular end-diastolic dimensions during infusion of isoproterenol in the presence of atrial pacing vs right ventricular pacing, it appears that the impaired myocardial performance was not due to a lack of atrial contribution to ventricular filling, but rather to asynchrony during left ventricular contraction. The conclusion that myocardial function is depressed during right ventricular pacing is based not only on the markedly lower levels of left ventricular dP/dt, but also on depressed responses of cardiac output and stroke volume to identical levels of sympathetic stimulation. It is therefore possible that sympathetic Despite the depressed cardiac function observed with right ventricular pacing at rest and during sympathetic stimulation in the present study, MVO2 rose to higher levels, indicating inefficiency of ventricular contraction and/or relaxation. These observations may be important to consider in a clinical setting. Ventricular pacing is often used postoperatively as a temporary maneuver to stabilize the heart rhythm or in patients with sick sinus syndrome in whom, despite an intact conduction system, ventricular pacemakers are implanted. Although ventricular pacing may alleviate the primary problem in these patients, it should be realized that it may also depress ventricular performance during sympathetic stress in patients with normal hearts and even severely impair performance when underlying heart disease is present. In addition, the increased MVO2 during sympathetic stimulation associated with right ventricular pacing may further compromise left ventricular performance in the presence of coronary artery disease, which limits myocardial oxygen supply.
One other point deserves mention. Many physiologic experiments examining the effects of sympathetic stress on ventricular function are conducted with right ventricular pacing to eliminate potential effects of changes in heart rate. However, it must now be recognized that the use of right ventricular pacing to maintain a constant heart rate may mask the full inotropic response to sympathetic stimulation.
In summary, the results of these studies indicate that right ventricular pacing as compared with spontaneous rhythm or right atrial pacing during sympathetic stress results in depressed myocardial performance in the face of greater oxygen demand. Therefore, synchronous left ventricular contraction appears to have a far greater influence on cardiac performance during sympathetic stimulation than at rest. While currently not feasible, it would be potentially beneficial for future pacemaker therapy to utilize a technique that would activate the ventricular conduction system.
